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Abstract

This article presents a nonlinear modeling approach describing the enthalpy dynamics between the

inlet of the economizer and the outlet of the evaporator in a once-through boiler. The model is used

to design an LQG controller for the steam quality at the evaporator outlet and to estimate the firing

power, which constitutes a disturbance to the process. Robustness properties of the overall controller

design are evaluated and the results are presented in simulations utilizing a high-fidelity model acting

as the real plant.
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1. Introduction1

The control of steam parameters such as temperature and pressure or enthalpy in thermal power2

plants is crucial in order to ensure operation in a reliable and predictable way. This implies that3

only superheated steam not containing any liquid water is fed to the turbine units to avoid increased4

wear or damages to the turbines and increase efficiency. In addition, the steam parameters after the5

evaporator and before the superheater should be controlled to desired nominal, load-dependent values6

to guarantee smooth and predictable operation. This is achieved by controlling the feed water supply7

to the evaporator in accordance with load changes.8

This work introduces a nonlinear dynamic modeling approach for the enthalpy dynamics between9

the inlet of the economizer and the outlet of the evaporator in thermal power plant, specifically in a10

1Ideas for this work have been highlighted in [1], but have never been made publicly available due to a pending
patent application by the Siemens AG, Munich, Germany resulting in the patent by [2]. A brief paper on the topic was
published in [3].
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once-through boiler. The model is utilized to design a dynamic controller for the feed water supply in11

order to operate the plant in a safe and reliable way. In addition, a state- and disturbance observer12

is designed based on the model to estimate the unmeasurable dynamic states and the heat power,13

whose deviations from a nominal, theoretic value constitute disturbances to the plant. This deviation14

might have many causes, such as fouling inside the evaporator leading to a decrease in heat transfer and15

varying heat value of the fuel. Disturbance observers have been applied to power plant related processes16

before, e.g. in [4] in the context of linear systems with PI control for a fluidized bed combustor.17

The feed water supply can be controlled with PI controllers in a temperature-cascade, as for example18

described in [5]. The authors in [6] introduce an enthalpy state feedback controller for the superheating19

process in thermal power plants, which should replace the widely utilized temperature-cascade control.20

It is known that state regulators, compared to common PI controllers, in general deliver faster response21

times and a higher quality of control. Another reason for using enthalpy state control to replace22

temperature cascades can be found in the evaporation process itself, where it is specified that slightly23

superheated steam should be present at the end of the evaporator. This means that the evaporation24

endpoint is close to the saturated steam limit and hence, due to pressure changes, wet steam can be25

the consequence by regarding temperature as the controlled variable. In case of constantly controlled26

temperature, this ultimately causes the evaporation endpoint to change into the wet steam region27

of the p-h-diagram. On the other hand, explicitly considering pressure in the calculations becomes28

unnecessary when regarding enthalpy as state variable, since it inherently combines both temperature29

and pressure in one variable. Another advantage in considering enthalpies is pointed out in [6], namely30

that the system gain from inlet to outlet will be equal to one. This means that e.g. an enthalpy31

increase at the inlet will have the same stationary value at the outlet, whereas for temperatures this is32

not the case: A change in temperature at the inlet will lead to a different temperature change at the33

outlet, hence the gain is not equal to one.34

In once-through boilers, the evaporating working fluid continuously flows through the boiler, mean-35

ing that the feed water pump supplies the feed water successively to the economizer, evaporator and36

superheater. In once-through boilers no drum is required inside the boiler since the feed water boils,37

evaporates and ultimately superheats in a continuous manner due to the supplied heat. In principle,38

there exist two different constructions for once-through boilers, the so called Sulzer and Benson types.39

The difference between these two lies in the operational mode; the Sulzer construction is designed for40

subcritical operation, meaning that the pressure typically lies below the critical point, whereas the41
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Benson type is often operated supercritically with pressures above the critical point. The present work42

focuses on Benson boilers, for which the works of e.g. [7], [8] and [9] provide more information as well43

as experience from suppliers and industry’s sides.44

Regarding the control of power plants in general, the work of [10] constitutes a rather old, yet not45

outdated piece of literature, which is still used by practitioners and beginners in the field. Novel ideas46

for a holistic view on boiler control are presented in [11]. Extensive work in recent years has led to the47

development of many modeling approaches for simulation studies and controller design. [12] present48

a simulation study using the software gPROMS with a simple model for a subcritical power plant,49

concluding that their model, validated against real data, showed relative errors < 5 % for as low as 70 %50

load. Dynamic modeling approaches for ultra-supercritical coal fired once-through boiler-turbine units51

are introduced by [13, 14]. The authors in [13] conclude that their model matches well with operational52

data in steady-state as well as in transients and hence complexity reduction for controller design is53

viable. In [14] a genetic algorithm is used to identify parameters of the plant with the conclusion54

that the procedure leads to a model that delivers good results when validated with real plant data,55

both open- and closed-loop. A general, control-oriented modeling approach for a boiler-turbine unit56

with rather simple models, utilizing PI controllers and parameter identification is proposed in [15].57

The authors conclude that the accuracy of the model was confirmed by field measurements. Modeling58

strategies based on distributed parameter systems together with simulation studies for large coal-fired59

power plants are presented in [16, 17]. A dynamic model of a natural water circulation boiler for60

on-line monitoring of fuels is introduced in [18].61

The remainder of this paper is structured as follows: In Section 2 the mathematical model is62

derived and presented, whereas Section 3 introduces the design of the controller and observer as well63

as a robustness analysis for the closed-loop system. Section 4 shows simulation results for different64

cases regarding load changes, disturbances, noise and specific uncertainties utilizing a high-fidelity65

model of the real plant. The results are discussed and the paper is concluded in Section 5.66

2. Mathematical Model67

As mentioned in the Introduction, the model that has been developed describes the enthalpy68

dynamics between the inlet of the economizer and the outlet of the evaporator. In the economizer, the69

unused heat of the flue gas is exploited to pre-warm the feed water before it enters the boiler unit. The70

feed water then enters the evaporator, where it evaporates and at whose outlet the steam parameters71
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should be located just outside the wet steam region in the p-h-diagram, hence dry steam should be72

available before entering the superheating stages. A schematic of the considered parts in the power73

plant process is presented in Figure 1.74
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<latexit sha1_base64="gWW/TNOTgR0+Zi3zowd3T3YZ/Ps=">AAAB+XicbVBNS8NAEN3Ur1q/Wj16CRbBU0lEUG8FETxWsLbQlrLZTtqlm92wO1Fr7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8IBbcoOd9O7ml5ZXVtfx6YWNza3unWNq9NSrRDOpMCaWbATUguIQ6chTQjDXQKBDQCIYXE79xB9pwJW9wFEMnon3JQ84oWqlbLLURHjC9ZEqqiD+CHneLZa/iTeEuEj8jZZKh1i1+tXuKJRFIZIIa0/K9GDsp1ciZgHGhnRiIKRvSPrQslTQC00mnp4/dQ6v03FBpWxLdqfp7IqWRMaMosJ0RxYGZ9ybif14rwfCsk3IZJwiSzRaFiXBRuZMc3B7XwFCMLKFMc3urywZUU4Y2rYINwZ9/eZHUjyvnFf/6pFw9ydLIk31yQI6IT05JlVyRGqkTRu7JM3klb86T8+K8Ox+z1pyTzeyRP3A+fwB+55RP</latexit><latexit sha1_base64="gWW/TNOTgR0+Zi3zowd3T3YZ/Ps=">AAAB+XicbVBNS8NAEN3Ur1q/Wj16CRbBU0lEUG8FETxWsLbQlrLZTtqlm92wO1Fr7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8IBbcoOd9O7ml5ZXVtfx6YWNza3unWNq9NSrRDOpMCaWbATUguIQ6chTQjDXQKBDQCIYXE79xB9pwJW9wFEMnon3JQ84oWqlbLLURHjC9ZEqqiD+CHneLZa/iTeEuEj8jZZKh1i1+tXuKJRFIZIIa0/K9GDsp1ciZgHGhnRiIKRvSPrQslTQC00mnp4/dQ6v03FBpWxLdqfp7IqWRMaMosJ0RxYGZ9ybif14rwfCsk3IZJwiSzRaFiXBRuZMc3B7XwFCMLKFMc3urywZUU4Y2rYINwZ9/eZHUjyvnFf/6pFw9ydLIk31yQI6IT05JlVyRGqkTRu7JM3klb86T8+K8Ox+z1pyTzeyRP3A+fwB+55RP</latexit><latexit sha1_base64="gWW/TNOTgR0+Zi3zowd3T3YZ/Ps=">AAAB+XicbVBNS8NAEN3Ur1q/Wj16CRbBU0lEUG8FETxWsLbQlrLZTtqlm92wO1Fr7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8IBbcoOd9O7ml5ZXVtfx6YWNza3unWNq9NSrRDOpMCaWbATUguIQ6chTQjDXQKBDQCIYXE79xB9pwJW9wFEMnon3JQ84oWqlbLLURHjC9ZEqqiD+CHneLZa/iTeEuEj8jZZKh1i1+tXuKJRFIZIIa0/K9GDsp1ciZgHGhnRiIKRvSPrQslTQC00mnp4/dQ6v03FBpWxLdqfp7IqWRMaMosJ0RxYGZ9ybif14rwfCsk3IZJwiSzRaFiXBRuZMc3B7XwFCMLKFMc3urywZUU4Y2rYINwZ9/eZHUjyvnFf/6pFw9ydLIk31yQI6IT05JlVyRGqkTRu7JM3klb86T8+K8Ox+z1pyTzeyRP3A+fwB+55RP</latexit><latexit sha1_base64="gWW/TNOTgR0+Zi3zowd3T3YZ/Ps=">AAAB+XicbVBNS8NAEN3Ur1q/Wj16CRbBU0lEUG8FETxWsLbQlrLZTtqlm92wO1Fr7E/x4kHFq//Em//GbZuDtj4YeLw3w8y8IBbcoOd9O7ml5ZXVtfx6YWNza3unWNq9NSrRDOpMCaWbATUguIQ6chTQjDXQKBDQCIYXE79xB9pwJW9wFEMnon3JQ84oWqlbLLURHjC9ZEqqiD+CHneLZa/iTeEuEj8jZZKh1i1+tXuKJRFIZIIa0/K9GDsp1ciZgHGhnRiIKRvSPrQslTQC00mnp4/dQ6v03FBpWxLdqfp7IqWRMaMosJ0RxYGZ9ybif14rwfCsk3IZJwiSzRaFiXBRuZMc3B7XwFCMLKFMc3urywZUU4Y2rYINwZ9/eZHUjyvnFf/6pFw9ydLIk31yQI6IT05JlVyRGqkTRu7JM3klb86T8+K8Ox+z1pyTzeyRP3A+fwB+55RP</latexit>

Evaporator
<latexit sha1_base64="3GCRlD642icEbsiGWOCPAJ5O3sI=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp7IrgnoriOCxgrWFdinZNNuGZpMlma2WtT/FiwcVr/4Tb/4b03YP2vpg4PHeDDPzwkRwA5737RRWVtfWN4qbpa3tnd09t7x/b1SqKWtQJZRuhcQwwSVrAAfBWolmJA4Fa4bDq6nfHDFtuJJ3ME5YEJO+5BGnBKzUdcsdYI+QXY9IojQBpSddt+JVvRnwMvFzUkE56l33q9NTNI2ZBCqIMW3fSyDIiAZOBZuUOqlhCaFD0mdtSyWJmQmy2ekTfGyVHo6UtiUBz9TfExmJjRnHoe2MCQzMojcV//PaKUQXQcZlkgKTdL4oSgUGhac54B7XjIIYW0Ko5vZWTAdEEwo2rZINwV98eZk0TquXVf/2rFI7y9MookN0hE6Qj85RDd2gOmogih7QM3pFb86T8+K8Ox/z1oKTzxygP3A+fwCLQ5RX</latexit><latexit sha1_base64="3GCRlD642icEbsiGWOCPAJ5O3sI=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp7IrgnoriOCxgrWFdinZNNuGZpMlma2WtT/FiwcVr/4Tb/4b03YP2vpg4PHeDDPzwkRwA5737RRWVtfWN4qbpa3tnd09t7x/b1SqKWtQJZRuhcQwwSVrAAfBWolmJA4Fa4bDq6nfHDFtuJJ3ME5YEJO+5BGnBKzUdcsdYI+QXY9IojQBpSddt+JVvRnwMvFzUkE56l33q9NTNI2ZBCqIMW3fSyDIiAZOBZuUOqlhCaFD0mdtSyWJmQmy2ekTfGyVHo6UtiUBz9TfExmJjRnHoe2MCQzMojcV//PaKUQXQcZlkgKTdL4oSgUGhac54B7XjIIYW0Ko5vZWTAdEEwo2rZINwV98eZk0TquXVf/2rFI7y9MookN0hE6Qj85RDd2gOmogih7QM3pFb86T8+K8Ox/z1oKTzxygP3A+fwCLQ5RX</latexit><latexit sha1_base64="3GCRlD642icEbsiGWOCPAJ5O3sI=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp7IrgnoriOCxgrWFdinZNNuGZpMlma2WtT/FiwcVr/4Tb/4b03YP2vpg4PHeDDPzwkRwA5737RRWVtfWN4qbpa3tnd09t7x/b1SqKWtQJZRuhcQwwSVrAAfBWolmJA4Fa4bDq6nfHDFtuJJ3ME5YEJO+5BGnBKzUdcsdYI+QXY9IojQBpSddt+JVvRnwMvFzUkE56l33q9NTNI2ZBCqIMW3fSyDIiAZOBZuUOqlhCaFD0mdtSyWJmQmy2ekTfGyVHo6UtiUBz9TfExmJjRnHoe2MCQzMojcV//PaKUQXQcZlkgKTdL4oSgUGhac54B7XjIIYW0Ko5vZWTAdEEwo2rZINwV98eZk0TquXVf/2rFI7y9MookN0hE6Qj85RDd2gOmogih7QM3pFb86T8+K8Ox/z1oKTzxygP3A+fwCLQ5RX</latexit><latexit sha1_base64="3GCRlD642icEbsiGWOCPAJ5O3sI=">AAAB+XicbVBNSwMxEM3Wr1q/tnr0EiyCp7IrgnoriOCxgrWFdinZNNuGZpMlma2WtT/FiwcVr/4Tb/4b03YP2vpg4PHeDDPzwkRwA5737RRWVtfWN4qbpa3tnd09t7x/b1SqKWtQJZRuhcQwwSVrAAfBWolmJA4Fa4bDq6nfHDFtuJJ3ME5YEJO+5BGnBKzUdcsdYI+QXY9IojQBpSddt+JVvRnwMvFzUkE56l33q9NTNI2ZBCqIMW3fSyDIiAZOBZuUOqlhCaFD0mdtSyWJmQmy2ekTfGyVHo6UtiUBz9TfExmJjRnHoe2MCQzMojcV//PaKUQXQcZlkgKTdL4oSgUGhac54B7XjIIYW0Ko5vZWTAdEEwo2rZINwV98eZk0TquXVf/2rFI7y9MookN0hE6Qj85RDd2gOmogih7QM3pFb86T8+K8Ox/z1oKTzxygP3A+fwCLQ5RX</latexit>

Flue gas
<latexit sha1_base64="DD5nw6+vHcYDkkHmfiX8yUaN45g=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignorCOKxgrGFNpTNdtIu3XywOxFr6C/x4kHFq3/Fm//GbZuDtj4YeLw3w8y8IJVCo+N8W6WV1bX1jfJmZWt7Z7dq7+3f6yRTHDyeyES1A6ZBihg8FCihnSpgUSChFYyupn7rAZQWSXyH4xT8iA1iEQrO0Eg9u9pFeMT8WmZAB0xPenbNqTsz0GXiFqRGCjR79le3n/Asghi5ZFp3XCdFP2cKBZcwqXQzDSnjIzaAjqExi0D7+ezwCT02Sp+GiTIVI52pvydyFmk9jgLTGTEc6kVvKv7ndTIML/xcxGmGEPP5ojCTFBM6TYH2hQKOcmwI40qYWykfMsU4mqwqJgR38eVl4p3WL+vu7VmtcVakUSaH5IicEJeckwa5IU3iEU4y8kxeyZv1ZL1Y79bHvLVkFTMH5A+szx9UzJMH</latexit><latexit sha1_base64="DD5nw6+vHcYDkkHmfiX8yUaN45g=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignorCOKxgrGFNpTNdtIu3XywOxFr6C/x4kHFq3/Fm//GbZuDtj4YeLw3w8y8IJVCo+N8W6WV1bX1jfJmZWt7Z7dq7+3f6yRTHDyeyES1A6ZBihg8FCihnSpgUSChFYyupn7rAZQWSXyH4xT8iA1iEQrO0Eg9u9pFeMT8WmZAB0xPenbNqTsz0GXiFqRGCjR79le3n/Asghi5ZFp3XCdFP2cKBZcwqXQzDSnjIzaAjqExi0D7+ezwCT02Sp+GiTIVI52pvydyFmk9jgLTGTEc6kVvKv7ndTIML/xcxGmGEPP5ojCTFBM6TYH2hQKOcmwI40qYWykfMsU4mqwqJgR38eVl4p3WL+vu7VmtcVakUSaH5IicEJeckwa5IU3iEU4y8kxeyZv1ZL1Y79bHvLVkFTMH5A+szx9UzJMH</latexit><latexit sha1_base64="DD5nw6+vHcYDkkHmfiX8yUaN45g=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignorCOKxgrGFNpTNdtIu3XywOxFr6C/x4kHFq3/Fm//GbZuDtj4YeLw3w8y8IJVCo+N8W6WV1bX1jfJmZWt7Z7dq7+3f6yRTHDyeyES1A6ZBihg8FCihnSpgUSChFYyupn7rAZQWSXyH4xT8iA1iEQrO0Eg9u9pFeMT8WmZAB0xPenbNqTsz0GXiFqRGCjR79le3n/Asghi5ZFp3XCdFP2cKBZcwqXQzDSnjIzaAjqExi0D7+ezwCT02Sp+GiTIVI52pvydyFmk9jgLTGTEc6kVvKv7ndTIML/xcxGmGEPP5ojCTFBM6TYH2hQKOcmwI40qYWykfMsU4mqwqJgR38eVl4p3WL+vu7VmtcVakUSaH5IicEJeckwa5IU3iEU4y8kxeyZv1ZL1Y79bHvLVkFTMH5A+szx9UzJMH</latexit><latexit sha1_base64="DD5nw6+vHcYDkkHmfiX8yUaN45g=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEInkoignorCOKxgrGFNpTNdtIu3XywOxFr6C/x4kHFq3/Fm//GbZuDtj4YeLw3w8y8IJVCo+N8W6WV1bX1jfJmZWt7Z7dq7+3f6yRTHDyeyES1A6ZBihg8FCihnSpgUSChFYyupn7rAZQWSXyH4xT8iA1iEQrO0Eg9u9pFeMT8WmZAB0xPenbNqTsz0GXiFqRGCjR79le3n/Asghi5ZFp3XCdFP2cKBZcwqXQzDSnjIzaAjqExi0D7+ezwCT02Sp+GiTIVI52pvydyFmk9jgLTGTEc6kVvKv7ndTIML/xcxGmGEPP5ojCTFBM6TYH2hQKOcmwI40qYWykfMsU4mqwqJgR38eVl4p3WL+vu7VmtcVakUSaH5IicEJeckwa5IU3iEU4y8kxeyZv1ZL1Y79bHvLVkFTMH5A+szx9UzJMH</latexit>

Pump
<latexit sha1_base64="T9HIPZ6fYLxXzQdHVlvNXZKOTYE=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL0FvHiM4JrAZgmzk0kyZB7LTK8YlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpIJb8P1vr7S2vrG5Vd6u7Ozu7R9UD48erM4MZSHVQptOQiwTXLEQOAjWSQ0jMhGsnYxvZn77kRnLtbqHScpiSYaKDzgl4KSoC+wJ8lYm02mvWvPr/hx4lQQFqaECrV71q9vXNJNMARXE2ijwU4hzYoBTwaaVbmZZSuiYDFnkqCKS2TifnzzFZ07p44E2rhTgufp7IifS2olMXKckMLLL3kz8z4syGFzFOVdpBkzRxaJBJjBoPPsf97lhFMTEEUINd7diOiKGUHApVVwIwfLLqyS8qF/Xg7tGrdko0iijE3SKzlGALlET3aIWChFFGj2jV/TmgffivXsfi9aSV8wcoz/wPn8ASoaRaQ==</latexit><latexit sha1_base64="T9HIPZ6fYLxXzQdHVlvNXZKOTYE=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL0FvHiM4JrAZgmzk0kyZB7LTK8YlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpIJb8P1vr7S2vrG5Vd6u7Ozu7R9UD48erM4MZSHVQptOQiwTXLEQOAjWSQ0jMhGsnYxvZn77kRnLtbqHScpiSYaKDzgl4KSoC+wJ8lYm02mvWvPr/hx4lQQFqaECrV71q9vXNJNMARXE2ijwU4hzYoBTwaaVbmZZSuiYDFnkqCKS2TifnzzFZ07p44E2rhTgufp7IifS2olMXKckMLLL3kz8z4syGFzFOVdpBkzRxaJBJjBoPPsf97lhFMTEEUINd7diOiKGUHApVVwIwfLLqyS8qF/Xg7tGrdko0iijE3SKzlGALlET3aIWChFFGj2jV/TmgffivXsfi9aSV8wcoz/wPn8ASoaRaQ==</latexit><latexit sha1_base64="T9HIPZ6fYLxXzQdHVlvNXZKOTYE=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL0FvHiM4JrAZgmzk0kyZB7LTK8YlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpIJb8P1vr7S2vrG5Vd6u7Ozu7R9UD48erM4MZSHVQptOQiwTXLEQOAjWSQ0jMhGsnYxvZn77kRnLtbqHScpiSYaKDzgl4KSoC+wJ8lYm02mvWvPr/hx4lQQFqaECrV71q9vXNJNMARXE2ijwU4hzYoBTwaaVbmZZSuiYDFnkqCKS2TifnzzFZ07p44E2rhTgufp7IifS2olMXKckMLLL3kz8z4syGFzFOVdpBkzRxaJBJjBoPPsf97lhFMTEEUINd7diOiKGUHApVVwIwfLLqyS8qF/Xg7tGrdko0iijE3SKzlGALlET3aIWChFFGj2jV/TmgffivXsfi9aSV8wcoz/wPn8ASoaRaQ==</latexit><latexit sha1_base64="T9HIPZ6fYLxXzQdHVlvNXZKOTYE=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL0FvHiM4JrAZgmzk0kyZB7LTK8YlnyGFw8qXv0bb/6Nk2QPmljQUFR1092VpIJb8P1vr7S2vrG5Vd6u7Ozu7R9UD48erM4MZSHVQptOQiwTXLEQOAjWSQ0jMhGsnYxvZn77kRnLtbqHScpiSYaKDzgl4KSoC+wJ8lYm02mvWvPr/hx4lQQFqaECrV71q9vXNJNMARXE2ijwU4hzYoBTwaaVbmZZSuiYDFnkqCKS2TifnzzFZ07p44E2rhTgufp7IifS2olMXKckMLLL3kz8z4syGFzFOVdpBkzRxaJBJjBoPPsf97lhFMTEEUINd7diOiKGUHApVVwIwfLLqyS8qF/Xg7tGrdko0iijE3SKzlGALlET3aIWChFFGj2jV/TmgffivXsfi9aSV8wcoz/wPn8ASoaRaQ==</latexit>

Figure 1: Schematic of the considered parts in the power plant process

The authors in [6] and [19] argue that for a superheater unit, the input-output-dynamics can be75

modeled by high-order lags. The same principle can be used to model the input-output-dynamics of76

the evaporator unit. The order of such a model is not explicitly stated, however, from experience and77

observations it can be inferred that these can be approximated by a third-order lag. Nevertheless, a78

comparison of dynamic (step-)responses for higher order lags, e.g. of order 3 up to 6, indicates that79

there is no significant difference between the single high-order lags, presumed that the overall time80

constant is not changing. Hence, not the order of the dynamics, but the difference in time constants81

between the plant and the model is of high importance for the plant-model-mismatch and ultimately for82

robustness. This topic is addressed in Section 3.5 by a robustness analysis with respect to differences83

in time constants. Nevertheless, an investigation of the dynamic behavior of the controller will be84

conducted, where a model of higher order acts as the real plant; the plant model has thereby order six,85

whereas the controller model is formulated as a third-order model. In general, accurate identification86

of the dynamics is a difficult task since it is affected by many factors such as the degree of fouling87

inside the boiler unit and the operating point. Furthermore, the pursued robust nature of the controller88

makes a precise modeling of the dynamics unnecessary. The nature of the process dictates thereby89

that the time constant of the model depends on the load, which means that with increasing load the90

time constant becomes smaller, and vice versa. Thus, the third-order model can be stated as follows91
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ẋ1 =
1

ṁfeed,full Tfull

(
Qheat

3
+ ṁfeed(x2 − x1)

)
,

ẋ2 =
1

ṁfeed,full Tfull

(
Qheat

3
+ ṁfeed(x3 − x2)

)
,

ẋ3 =
1

ṁfeed,full Tfull

(
Qheat

3
+ ṁfeed(hbECO − x3)

)
,

y = x1,

(1)

where ṁfeed = u denotes the input (manipulated variable), which is the feed water mass flow. Fur-92

thermore, x1 is the enthalpy after evaporator hbECO is the enthalpy before economizer, x2 and x393

are enthalpies between hbECO and x1, and Qheat indicates the supplied heat power. Latter can be94

calculated via95

Qheat = ηṁfuelHu,

where η is an empirical, load-dependent efficiency factor, ṁfuel represents the mass flow of fuel and96

Hu indicates the heat value of the fuel. The index ’full’ labels constant scaling parameters at full load,97

where the effective, load-dependent time constant of the system can be calculated via98

Tsys = Tfull
ṁfeed,full

ṁfeed
.

The enthalpy after evaporator (state x1) is the measured variable (output) of the system.99

It is pointed out that the pressure dynamics are not explicitly included in this modeling approach,100

since these are much faster compared to those of heat exchange. Hence, a load-independent and101

constant pressure-drop between the inlet of the economizer and the outlet of the evaporator is assumed.102

2.1. Linearization103

The design of LQG controllers–an Extended Kalman Filter (EKF) in combination with a Linear104

Quadratic Regulator (LQR)–requires the system dynamics (1) to be linearized. This can be achieved105

by defining the respective steady states for x1, x2 and x3, which can be found by setting the time-106

derivatives in (1) to zero107
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x3,0 =
Qheat

3 ṁfeed
+ hbECO,

x2,0 =
Qheat

3 ṁfeed
+ x3,0 =

2 Qheat

3 ṁfeed
+ hbECO,

x1,0 =
Qheat

3 ṁfeed
+ x2,0 =

Qheat

ṁfeed
+ hbECO,

where the stationary value x1,0 defines the desired enthalpy after evaporator x1,d = hd. With this108

information, the required feed water mass flow ṁreq can be calculated as109

ṁreq =
Qheat

hd − hbECO
. (2)

The remaining two desired steady states x2,0 = x2,d and x3,0 = x3,d can be defined as functions of110

hbECO and hd111

x2,d =
2 hd + hbECO

3
,

x3,d =
hd + 2 hbECO

3
.

(3)

Following the principle of linearization of dynamic systems, the original states xi can be expressed112

as a sum of the steady / desired state values and small perturbations around these setpoints, for which113

the linearization is valid114

x1 = hd + ∆x1 ⇒ ẋ1 = ∆ẋ1,

x2 = x2,d + ∆x2 ⇒ ẋ2 = ∆ẋ2,

x3 = x3,d + ∆x3 ⇒ ẋ3 = ∆ẋ3,

u = ṁreq + ∆u.

After putting these equations into (1), and assuming that all multiplications of perturbations are115

small and can be set to zero, one obtains116
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∆ẋ1 = G

(
Qheat

hd − hbECO
(∆x2 −∆x1)− hd − hbECO

3
∆u

)
,

∆ẋ2 = G

(
Qheat

hd − hbECO
(∆x3 −∆x2)− hd − hbECO

3
∆u

)
,

∆ẋ3 = G

(
− Qheat

hd − hbECO
∆x3 −

hd − hbECO

3
∆u

)
,

y = hd + ∆x1,

(4)

with G =
1

ṁfeed,full Tfull
leading to the state space form117

∆ẋ = A∆x + B∆u,

y = C∆x + hd,

where118

A = G
Qheat

(hd − hbECO)


−1 1 0

0 −1 1

0 0 −1

 , B =
G

3
(hd − hbECO)


−1

−1

−1

 , C =
[
1 0 0

]
.

The system matrix A and the input matrix B are load-dependent since they include the desired119

enthalpy after evaporator hd. This means that the dynamics are updated over the whole load range120

and adapted to the present load. However, the linearized dynamics (4) only hold for small deviations121

around the defined steady / desired states x1,d, x2,d and x3,d.122

3. Controller and observer design123

This Section presents a combined (optimal) controller and observer design for the feed water supply,124

state- and disturbance estimation.125

Figure 2 pictures the overall structure with the Plant, Actuation Dynamics for the feed water126

supply (a first-order lag), the LQG Controller and a Pre-Calculation block. The latter two are shown127

in Figures 3 and 4, respectively.128

In Figure 3 the Pre-Calculation block is presented. The respective Lookup Tables represent linear129

interpolations between certain load points (see Appendix). The pressure dynamics are delayed by130
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Load

hd

hbECO

Qheat

haEV A

Dynamics
Actuation

Plant

Controller
LQG

QC QO

RORC

ṁfeed

Pre-
Calculation

Figure 2: Structure of the overall system; the index ’aEVA’ denotes ’after evaporator’

third-order lags (denoted PT3), whereas the efficiency factor η and the mass flow of fuel ṁfuel are131

delayed by first-order lags (denoted PT1). The pressure pbECO and the temperature before economizer132

ϑbECO are fed into a Water-Steam-Table to calculate the enthalpy hbECO.133

Load Lookup
Table

Water-
Steam-
Table

Lookup
Table

Lookup
Table

⇥

Lookup
Table

Lookup
Table

PT1

PT3

PT3

PT1

⌘hd

Qheatṁfuel

Hu

#bECO

pbECO

paEVA

hbECO

Figure 3: The Pre-Calculation providing load-dependent values to the Plant and the LQG Controller

3.1. LQ Regulator134

The LQ Regulator (LQR) is an optimal state feedback control law based upon full state feedback.135

This implies that unmeasurable states must be estimated, which requires full observability of the136

system, or that unobservable states are stable, commonly known as detectability.137
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It must be pointed out that the LQR presented in this application is not of standard type. Just138

like a continuous Kalman Filter it is based on forward integration, which has been presented in e.g.139

[20] and [21]. This implies that the calculation of the state-feedback gain is adaptive with respect to140

changes in the system dynamics and minimizes the quadratic cost function141

J =

tf∫
t0

(
xT (t)QCx(t) + uT (t)RCu(t)

)
dt, (5)

where here QC =


qC,1 0 0

0 qC,2 0

0 0 qC,3

 and RC is a scalar.142

In (5), the cross term 2xTNu between states and input is neglected, meaning that N =
[
0 0 0

]T
.143

The state feedback law has the standard form144

∆u = K(t)(1×3)


x̂1 − hd
x̂2 − x2,d
x̂3 − x3,d

 ,
where the feedback states are the estimated states and the feedback gain K(t) is calculated by solving145

the following differential Matrix-Riccati-Equations146

dS(t)

dt
= AT (t)S(t) + S(t)A(t)− S(t)B(t)R−1C BT (t)S(t) + QC,

K(t) = R−1C BT (t)S(t).

(6)

There exist some requirements for the LQR to be implementable, namely147

C.1) (A,B) stabilizable (all unstable modes are controllable)148

C.2) Q̃C = QC −NR−1NT positively semi-definite149

C.3) RC positively definite150

C.4) (Q̃C,A−BR−1NT ) detectable151

The standard controllability matrix
[
B AB A2B

]
in point C.1) has full rank, except for the152

case if hd ≡ hbECO (or Qheat ≡ 0), for which the model is not designed and which is never the case in153

9



regular operation. Points C.2)–C.3) are degrees of freedom, which can be fulfilled by the right choice154

of the respective matrices. Since N =
[
0 0 0

]T
, the matrix

[
QC QCA QCA2

]T
in point C.4)155

has full rank except for the case if qC,1 ≡ 0, which can be chosen accordingly. Hence, the LQR can be156

implemented.157

Remark 1. It must be mentioned that any other state feedback control law could be implemented here,158

e.g. utilizing a static feedback gain. The choice to implement the method described above is justified by159

the supposedly improved performance of state feedback with varying gains. Therefore, the state feedback160

control law presented above depicts merely one option and should be subject to a deeper investigation161

before being applied to a real plant. This holds especially in the context of stability, which, however,162

is not the scope of this work. Nonetheless, the state feedback in the system at hand only has a small163

share in the overall control action, since the main portion is provided by the feedforward part, see (2).164

3.2. Augmented Extended Kalman Filter as state and disturbance observer165

As mentioned earlier, full state feedback controllers can only be implemented if all states are166

available for feedback. This means that unmeasurable states must be estimated, which requires full167

observability of the plant model. It will be shown that all states of the plant model can be estimated168

by the Extended Kalman Filter, which is a robust (and optimal) estimation algorithm. Additionally,169

an estimate for a disturbance variable, namely the uncertain heat power Qheat, will be introduced by170

augmenting the states in the EKF.171

Hence, the same dynamics as already introduced in (1) are considered, but augmented by an172

additional fourth state x̂4 representing the estimated heat power Q̂heat. Its dynamics are thereby added173

in a quasi-stationary fashion. In addition, the respective observer output feedback laws Li(t)(haEVA,m−174

ŷ) are added to the respective state derivatives ˙̂xi resulting in the dynamic equations for the EKF175

10



˙̂x1 =GO

(
x̂4
3

+ ṁfeed(x̂2 − x̂1)

)
+ L1(t)(haEVA,m − ŷ),

˙̂x2 =GO

(
x̂4
3

+ ṁfeed(x̂3 − x̂2)

)
+ L2(t)(haEVA,m − ŷ),

˙̂x3 =GO

(
x̂4
3

+ ṁfeed(hbECO − x̂3)

)
+ L3(t)(haEVA,m − ŷ),

˙̂x4 =L4(t)(haEVA,m − ŷ),

ŷ =x̂1,

(7)

where GO =
1

ṁfeed,full Tfull,O
, Tfull,O is the time constant chosen in the LQG controller and haEVA,m176

denotes the measured enthalpy after evaporator.177

The set of equations (7) can be rewritten in state-space form as178

∆ ˙̂x = AO∆x̂ + BO∆u+ L(t)(haEVA,m − ŷ),

∆y = CO∆x̂ + hd,

where179

AO = GO


− ˙̂mreq

˙̂mreq 0 1
3

0 − ˙̂mreq
˙̂mreq

1
3

0 0 − ˙̂mreq
1
3

0 0 0 0

 , BO =
GO
3

(hd − hbECO)


−1

−1

−1

0

 , CO =
[
1 0 0 0

]
,

with ˙̂mreq =
x̂4

hd + hbECO
according to (2).180

The time-varying Kalman feedback gain L(t) is calculated with the following differential Matrix-181

Riccati-Equations182

dP(t)

dt
= AO(t)P(t) + P(t)AO

T (t)−P(t)CO
T (t)R−1O CO(t)P(t) + QO,

L(t) = P(t)CO
T (t)R−1O ,

(8)
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where QO = cov{w(t)wT (t)} =


qO,1 0 0 0

0 qO,2 0 0

0 0 qO,3 0

0 0 0 qO,4

 denotes the covariance of the process noise183

w(t) and RO = cov{v(t)vT (t)} defines the covariance of the measurement noise v(t). No covariance is184

assumed between the two noises, hence WO = cov{w(t)vT (t)} =
[
0 0 0

]T
. It is assumed that the185

noises enter the plant in the following way186

ẋ = AOx + BOu+ Γw(t),

y = COx + Λw(t) + v(t),

with Γ = I3 (identity matrix of size 3) and Λ =
[
0 0 0

]
.187

Just like for the LQR, some requirements must also be fulfilled for the EKF to be implementable:188

O.1) (CO,AO) detectable (all unstable modes are observable)189

O.2) R̃O = RO + ΛWO + WO
TΛT + ΛQOΛT positively definite190

O.3) Q̃O = ΓQOΓT − W̃OR̃
−1
O W̃T

O positively semi-definite191

O.4) (AO − W̃OR̃
−1
O CO, Q̃O) stabilizable192

with W̃O = Γ
(
QOΛT + WO

)
.193

The requirements for the observer are fulfilled by the right choice of the matrix QO and the scalar194

RO, respectively. In fact, the standard observability matrix
[
CO COAO COAO

2 COAO
3
]T

in195

point O.1) above has full rank, except for the case if ˙̂mreq ≡ 0. Points O.2)–O.3) are degrees of freedom.196

The choice of WO =
[
0 0 0

]T
leads to Q̃O ≡ QO in point O.3). Thus, the controllability matrix197

in point O.4) simplifies to
[
QO AOQO AO

2QO AO
3QO

]
and has full rank except for qO,4 ≡ 0,198

which can be chosen appropriately.199

3.3. Alternative formulation of the differential Matrix-Riccati-Equation200

In order to simplify the tuning procedure for the Extended Kalman Filter in Section 3.2, the201

differential Matrix-Riccati-Equation (8) can be reformulated202

dP(t)

dt
= AOP(t) + P(t)AO

T − αP(t)CO
TR−1O COP(t) + αP(t),

L(t) = αP(t)CO
TR−1O ,

(9)
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where α is a scalar forgetting factor. This observer design is known as a Kalman-like least-squares203

observer (KF-like LSO) with forgetting factor first introduced in [22] and further developed in [23] and204

[24]. The advantage in using (9) instead of (8) can be found in the simpler tuning procedure, at least for205

multivariable systems. As can be seen, (9) does not depend on the process noise covariance matrix QO206

and hence tuning is solely achieved by defining the measurement covariance matrix RO and the scalar207

α. QO is often not known anyhow and in many cases offers too many degrees of freedom, particularly208

for multivariable systems. Thus, applying a Kalman-Filter with a differential Matrix-Riccati-Equation209

as in (9) offers a good alternative to the standard (Extended) Kalman Filter in Section 3.2.210

3.4. LQG controller211

A schematic of the LQG controller is displayed in Figure 4, where the block Desired State Calcula-212

tion is based on (3), the blocks Solver Riccati Controller and Solver Riccati Observer are established213

by (6) and (8) or (9), respectively. The block Nonlinear Model is based on (7), where ṁfeed labels214

the delayed feed water supply to the plant due to actuation dynamics modeled as first-order lags (see215

Figure 2) and haEVA,m is the measured enthalpy after evaporator.216

A C

Solver Riccati
Observer

Solver Riccati
Controller

Nonlinear
Model

Calculation
Desired State

K

L

⇥

⇥÷
x̂4

-

-

�u

ṁfeed

ṁreq

ṁfeedhaEVA,m

hbECO
hd

QC RC

QO RO

COAO

xd

x̂

Figure 4: Schematic of the LQG controller

3.5. Robustness217

An essential uncertainty between the model and a real plant is the difference between the two218

time constants Tfull and Tfull,O. Therefore, a robustness analysis is performed, which investigates the219
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damping ratio of the linear closed loop dynamics:220

ẋ

˙̂x

 =

 [A]

[
B

[
−KT 1

hd − hbECO

]]
[LC]

[
AO − LCO + BO

[
−KT 1

hd − hbECO

]]

x

x̂


Thereby, for each (complex) eigenvalue λi a realistic value for the damping ratio di = Re(λi)

|λi| is221

chosen to be greater than 0.3. It must be mentioned that the investigation was conducted for constant,222

optimal feedback gains L and K, respectively. However, in order to regard for dynamic behavior, the223

feed water mass flow was changed over a large operational range, in addition. The investigation is224

presented in the Simulations-Section 5.2.225

As an additional indicator of the robustness properties of the controller, especially with respect to226

plant-model-mismatch, the dynamics of the plant are changed to sixth-order dynamics and simulation227

studies are conducted for this case, see Section 5.1. Thereby, the plant takes the shape228

ẋ1 =
1

ṁfeed,full Tfull

(
Qheat

6
+ ṁfeed(x2 − x1)

)
,

ẋ2 =
1

ṁfeed,full Tfull

(
Qheat

6
+ ṁfeed(x3 − x2)

)
,

...

ẋ6 =
1

ṁfeed,full Tfull

(
Qheat

6
+ ṁfeed(hbECO − x6)

)
,

(10)

with steady states (the steady state feed water mass flow remains the same as in (2))229

x1,d = hd, x2,d =
5 hd + hbECO

6
, x3,d =

2 hd + hbECO

3
,

x4,d =
hd + hbECO

2
, x5,d =

hd + 2 hbECO

3
, x6,d =

hd + 5 hbECO

6
.

(11)

Comparing the steady states in (3) and (11), it can be seen that the steady states x3,d and x5,d for230

the sixth order system (11) correspond with x2,d and x3,d for the third order system (3), respectively.231

Hence, the states x3 and x5 in (10) correspond with x2 and x3 in (1) and thus x3 can be compared to232

x̂2 and x5 to x̂3 regarding observer performance.233
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4. Simulation Results234

In this Section, simulation results for different cases regarding load changes as well as the handling235

of disturbances, noise and parameter uncertainties are highlighted demonstrating the performance and236

robust nature of the LQG controller. The simulation and tuning parameters are listed in the Appendix.237

4.1. Load change by two consecutive ramps238

The simulation example in Figure 5 shows a load change from initially 35 % to 70 % and finally to239

100 %. The load changes are applied with a slope of 1 % per 100 s. The LQG controller’s time constant240

is fixed at Tfull,O = 40 s, whereas the plant’s time constant Tfull changes with the current load, which241

can be seen in the plot on the bottom right. The difference in time constants lead to a significant242

uncertainty and difference in the dynamical responses of the plant and the observer, respectively. In243

order to show the performance of the LQG controller under steady load changes and diverging time244

constants, no additive noise was applied to the plant. The overall performance of estimation is good245

and improves as Tfull approaches Tfull,O (for tsim → tend). This is depicted in the individual state(-error)246

plots and the plot of the feed water mass flow.247

4.2. Noisy measurement of haEVA,m, disturbance in Qheat and process noise248

This section presents simulation results for 100 % load, where noise is not only added to the249

measurement y = x1, but also to the process itself (process noise). Additionally, the estimation250

of the disturbance variable is demonstrated by adding a theoretical and rather large fluctuation in251

the provided heat power ∆Qheat = 100 MW at t = 100 s. The respective time constant of the252

LQG controller is chosen to be Tfull,O = 40 s, whereas that of the plant is set to Tfull = {40, 80} s.253

Performances of the two observer designs in Sections 3.2 and 3.3 are compared in addition. Figure 6254

shows the results for the EKF design, whereas Figure 7 depicts those obtained by the KF-like LSO. In255

all Figures, the three top plots depict the state variables xi together with their respective estimates x̂i,256

i = 1, . . . , 3. The two plots on the bottom show the feed water mass flow as well as the estimated and257

nominal value of the provided heat power, respectively. Despite the very large, theoretical step change258

in the heat power, the states and the feed water mass flow are set to their (new) nominal values by259

the controller. Comparing the performance of the EKF and the KF-like LSO, it is apparent that the260

latter has better performance with respect to noise suppression. This, however, has the cost of slower261

convergence rates and larger overshoots for the state variables.262
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Figure 5: Performance of the closed loop system subject to ramp changes of the load from 35 % to 70 % and 100 %

4.3. Disturbance in hbECO263

Now, a simulation study at 100 % load is demonstrated in Figure 8 investigating the dynamic264

behavior for a step-wise disturbance of +50 kJ kg−1 at t = 100 s in the enthalpy before economizer265

hbECO. This value corresponds to a temperature change of approximately +11 ◦C at the nominal266

pressure. To demonstrate the performance of the two LQG controllers (EKF and KF-like LSO) for267

diverging time-constants, two simulations are presented, namely for constant Tfull,O = 40 s and Tfull =268

{40, 80} s, just as in the Section before. Tfull = 40 s is thereby presented by the dashed-dotted lines,269

whereas Tfull = 80 s is depicted by the solid lines. As can be expected, performance becomes better,270
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Figure 6: Standard EKF with noisy measurement of haEVA,m, disturbance in Qheat and process noise. Left: Tfull = 40 s,

Tfull,O = 40 s. Right: Tfull = 80 s, Tfull,O = 40 s.

the better the two time constant of the controller and the plant match. Like before, the two bottom271

plots show the feed water mass flow and the heat power, whereas the top three plots show the states272

xi and their estimates x̂i, i = 1, . . . , 3. While states x2 and x3 converge to new setpoints in order to273

compensate for the disturbance, the output haEVA is held at the nominal desired value hd. Performance274

of the KF-like LSO on the right hand side is not much different compared to the EKF on the left hand275

side in this noise-free case.276

5. Robustness investigation277

In this Section, simulation results for the two different cases for robustness investigation as intro-278

duced in Section 3.5 are presented.279
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ṁreq ṁfeed
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Figure 7: KF-like LSO with noisy measurement of haEVA,m, disturbance in Qheat and process noise. Left: Tfull = 40 s,

Tfull,O = 40 s. Right: Tfull = 80 s, Tfull,O = 40 s.

5.1. Plant-model mismatch280

In this simulation study a dynamic mismatch between the plant and the model is investigated.281

Thereby, the plant model is based on the sixth-order model (10), whereas the model in the LQG282

controller is still of third-order (7). In addition to the dynamic mismatch, several disturbances in283

the form of step changes and added white noises are implemented in the simulation, such that a284

high-fidelity model is the consequence:285

- step change of +50 kJ kg−1 at t = 100 s for the enthalpy before economizer hbECO286

- step change of +100 MW at t = 400 s for Qheat287

- added white noise to the measurement haEVA,m with noise power 10−1288
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ṁreq ṁfeed

Figure 8: Simulation results for a disturbance in the enthalpy before economizer hbECO. Left: EKF. Right: KF-like

LSO

- added white noise to each state derivative in the sixth-order plant model with noise power 10−1289

(process noise)290

- added white noise to the enthalpy before economizer hbECO with noise power 100291

- added white noise to the heat value of the fuel Hu with noise power 103292

The white noises listed above are implemented in Matlab Simulink as band-limited white noise processes293

making the results in this paper reproducible. Their sample time is 0.1 s and the chosen seed is [23341].294

Two different simulations are presented, namely with matching time constants Tfull,O = 40 s and295

Tfull = 40 s in Figure 9 as well as different time constants Tfull,O = 40 s and Tfull = 80 s in Figure 10.296

Furthermore, the two observer designs (EKF and KF-like LSO) are compared. The arrangement297
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of plots is the same as presented before, namely the three corresponding state-variables (compare298

Section 3.5) on the top three plots and the heat value as well as the feed water mass flow on the299

bottom plots, respectively. It can be seen that both LQG controllers (using EKF and KF-like LSO,300

respectively) are dealing well with all disturbances and the plant-model mismatch, meaning that the301

system can be stabilized even after introducing the step changes and noises. As before, the KF-like302

LSO has better noise suppression at the cost that convergence is slower compared to the EKF.303
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ṁreq ṁfeed

Figure 9: Plant-model-mismatch simulation with added noises for Tfull = 40 s and Tfull,O = 40 s. Left: EKF. Right:

KF-like LSO

5.2. Investigation of the damping ratio304

Here, the results of the robustness investigation based on the damping properties at full load are305

presented. The controller time constant is thereby held constant Tfull,O = 40 s, whereas the plant’s306

time constant varies Tfull,O = {1, 5, 10, 20, 40, 80, 100, 150, 200, 250} s. In addition, since the Jacobian of307
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ṁreq ṁfeed

Figure 10: Plant-model-mismatch simulation with added noises for Tfull = 80 s and Tfull,O = 40 s. Left: EKF. Right:

KF-like LSO

the LQG controller depends highly on the feed water mass flow, this is also varied from 1−500 kg s−1.308

The different colors in the plots represent results for different values of qO,4, namely 105 (red), 5 · 105309

(blue), 106 (black), 5 · 106 (green), 107 (magenta) and 5 · 107 (cyan). Furthermore, a constant line at310

a damping value of 0.3 is shown to represent the arbitrarily chosen minimal damping. As can be seen,311

the better the time constants of the plant and the controller match, the better the damping becomes,312

with only small dependency on the chosen value for qO,4. It can be concluded that choosing small qO,4313

is beneficial if Tfull,O is larger than the real Tfull, whereas larger qO,4 seem the provide better damping314

properties if Tfull,O is smaller than Tfull.315
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Figure 11: Damping properties as affected by different time constants, feed water mass flows and qO,4

6. Conclusion316

This work presented a novel approach for feed water supply control for an economizer-evaporator317

stage in a once-through boiler. The control objective was to deliver slightly superheated steam of318

constant quality after the evaporator. State-of-the-art controllers usually utilize temperature-cascades319

for this task, but in this work a state-controller based on an enthalpy model was used. The enthalpy-320

22



controller provided better and more accurate performance, whereas for temperature-cascade-controllers321

slight changes in pressure can cause unwanted occurrences of wet steam after the evaporator.322

Two observer designs were presented and compared, namely a standard Extended Kalman Filter323

and a Kalman Filter-like least squares observer. The proposed LQG controllers showed good results324

regarding estimation and control performance. Since robustness is always an issue when designing325

LQG controllers, several disturbances and uncertainties were added to the plant model in order to326

demonstrate the robust nature of the controller.327

Due to their simple tuning, the LQG controllers should be applied and tested on a real power plant.328

It should suffice to change the parameters Tfull,O and qO,4 or α, respectively, but also retuning of QC,329

RC and QO or α as well as RO might be necessary in some cases.330

Appendix: Simulation Parameters331

Parameter 100 % load 70 % load 35 % load

Hu [kJ kg−1] 26000 26000 26000

Qheat [kW] 513240 387933 210210

Tfull [s] 40 40 40

Tsys [s] 40 57.14 114.3

hbECO [kJ kg−1] 949.22 947.93 946.51

hd [kJ kg−1] 2700 2840 3000

ṁfuel [kg s−1] 35 24.5 12.25

ṁfeed,full [kg s−1] 290 290 290

ṁreq [kg s−1] 290 203 101.5

pbECO [bar] 200 163.1 120

paEVA [bar] 180 143.1 100

η [−] 0.564 0.609 0.66

ϑbECO [◦C] 220 220 220

332
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LQG controller tunings:

LQR: QC = 10 I3 RC = 100,

EKF: QO =

 I3 0(3×1)

0(1×3) 5 · 107

 , RO = 1,

KF-like LSO: α = 10−1, RO = 1,

where In denotes an identity matrix of size n and 0(m×n) indicates a marix of zeros with m rows and333

n columns.334
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